How potential entrants to an open-access fishery form their expectations determines the fishery's adjustment path to a steady state but not the steady state values thelDselves~It is well known that~in the standard model with myopic expectations (those based on current values), boats enter the fishery only when the fish stock is greater than its steady state stock. We show that, with rational expectations (perfect foresignt), however, boats may enter when the fish stock is much lower than its steady state value if the hoat fleet is sufficiently small. This paper contrasts myopic and rational expectations within a general dynamic model of an open-access fishery.
Although both expectations mechanisms lead to the same equilibrium values, they lead to different adjustment paths. Where expectations solely depend on current values (myopic expectations), it is well known that boats enter the fishery only when the fish stock is greater than its steady state stock. 3
With rational expectations, however, boats may enter when the fish stock is much lower tnan its steady state value provided the boat fleet is sufficiently small. This difference in adjustment is observable and) in principle, leads to an obvious test on how agents form expectations.
Section 2 develops a general dynamic model for studying fisneries. In Sectioi) 3, we show that the model standardly used in the literature is cquivalent to a myopic, adaptive tations model. A rational expectations model is dlYl!yzed in Section 4. Tile~tandard and rational expections models ;:l((; com-par~d In Section 5. Section 6 illustrates this conparlson using a simulation -2based on a Schaefer model of the Pacific halibut fishery. Section 7 presents the conclusions.
At\I OPEN-ACCESS FISHERY
In this section, we develop a general dynamic version of Gordon's f12] open-access fishery model which describes the evolution of the fish stock, x, and the boat fleet, S, over time~In the next two sections, we show that the standard model and the rational expectations model are special cases of this general model.
The change in the fish population, i, is its natural rate of growth, f(x), less the fish catcho 4 The natural growth fuoction~f(e), is assumed to be positive on the open interval (O,K), where K is the carrying capacity of the fishing grounds (the largest possible fish population) and zero at x = 0 and K.. 5 The function is assumed to be analytic and ft' < O. A version widely used in en~irical studies is the logistic function popularized by Schaefer [16] : gx(l -x/K), where g, a positive constant, is the ("intrinsic tt ) growth rate for small levels of x . .
It is commonly asslnned that each boat catches an amount of fish per unit time Which is proportional to the stock of fish~6 By appropriate choice of the units of measurement of boats, the proportionality constant may he set equal to one so that the total catch per unit time is just sx. 7 Given these assumption~, the growth rate of th8 population is
The Llte of change of the boat fleet is assumed to be proportional to the present value DE expected quasi rents, y. Letting &he th~constant of . ubstituting equation (4) into equation (2), we obtain ( 5) set) o ::: -(px -c) .. r Equation (5) is formally equivalent to the models of Smith (17] and others who assume that entry is proportional to instantaneous profits where their constant of proportionality is olr, in our terms. Equations (1) and (5) constitute the standard model.
It has been shown (cf., Clark [7}) that the standard model has an equilibrium at x: ; : 0 and 5 ::: 0 described by x* ::: c/p and s* :;: f(x)/x, which for fee) logistic is s* = gelc/pK). The nature of the equilibrium is determined by finding the eigenvalues of a linearized version of the system (1) and (5) 
As
.2£ r where bx ::: x -x* and~s = s -s*. This differential system is subject to toe initial conditions that X o and So are given.
The eigenvalues of this linearized system are (7) wh~re 3 :-: ft (x*) -s* and m ::: -x*pO. Li mi t i og the model to those in tvhich a is negatIve (such as the logistic, where a := -gx*/K)) the equilibrium is a stat)Le node if a 2 + 4m/r > 0 and a stable vortex (stable focus) if a 2 + 4,n/r < 0. 9 -5-
4~THE RATIONAL EXPECTf\TIONS rvlODEL
Entrepreneurs in the rational expectations or perfect foresight fishery model base their entry decision on a correct estimate of all future ouasi rents~Since their decision depends not just on the current eatcn but also on future ones, the rational expectations model is mathematically different from the myopic model in a fundamental manner. In this section, we show that the rational expectations model can be described by a three-equation, autonomous differential equation system. By finding the eigenvalues of the Jacobian matrix of the system linearized ahout its equilibrium, we show that the s01utioo patns near the equilibrium are restricted to lie on a two-dimensional manifold in the three-dimensional phase space. A phase space is then used to show tne location of the manifold relative to the standard (x,s) plane.
Finally, we use standard methods for plane autonomous systems to char3cterize toe equilibrium point.
In the rational expectations or perfect foresight model,~e(z) ; n(z).
Tnus, the present value of expected profits, y, equals the present value of realized profits, or
wnich) on taking the derivative with respect to time) uives ,;, and the equation for the evolution of the fish stock is, as before) (11) x== f(x) -sx.
Toe rational expectations model is the three-equation system--equations (9), (10) , and (ll)--together with the initial conditions, X o and So given" and yeO) chosen to satisfy the integral equation (8)0 Tne first step in analyzing this model is to linearize equations (9) Much is known about dynamical systems whose linear approximations about tne equilibrium have eigenvalues as described in Propostion 18 The next proposition summarizes the relevant properties.
PROPOSITION 2: For any large to' there exists in (xts,Y) space (1) a real analytic t;vo-dimensional manifold, S, containing the eql1flibrium, (X*,S*,O), such that any solution (x,s}y) \vhich is on S at to satisfies (x,s,y) + (x*,s*,O) as t + m, and (2) a one-dimensional analytic manifold, U, also containing the equilibriuiD sue!) that (x,s,y) .)-(x*)s*,O) as t -+ -co.
Further~the eigenvector associated with~l is tangent to U at (x*,s*,O).
-9-Rb\~\RK: Heuristically, U is an unstable manifold in the sense that solutioos that start on U other than at the equilibrium diverge from the equilibrium as t -+-00.
Since the system (9)- (11) Tne next task is to locate the stable manifold, $, in (x,s,y) space. Table I gives the direction of travel of a solution patn in each of these sectors.
Since S is analytic, on a small enough neighborhood of E, a plane tangent to S at E can approximate S arbitrarily closelyQ In this neighborhood of E, the tangent plane enters only six of the sectors~It does not intersect sectors 3 and 8 because these are terminal isosectors (paths that enter these sectors remaIn in theJj] and cannot reach E). For instance, sector 3 is terminal b~C3u~e a trajectory c~nnot exit through its boundary which consists of parts Reg ion 7 is not 5 hown. Fro m t his ang Ie, reg ion 7 lie s be to \\1 S :: 0, to the left of y=0, and to-rherightof x=0. Since the tangent plane cannot intersect sectors 3 and B, it cannot be parallel to the y = 0 plane so it must intersect the y = 0 plane. To avoid entering the terminal sector 3, at least one point on the tangent plane must be interior to sector 4. The equilibrium, E, gives us a second pointp A third point must be in sector 2 or 5 by the earlier argument~These points fix the location of the tangent plane as shown in Figure 1 . Since S is arbitrarily close to the tangent plane on a small enough neighborhood of E) S enters th8 saine sectors as the tan;ent plane on tha t nei ghborhoocL -13-Thus, S is included in all sectors except 3 and 8~In contrast, U lies only in sectors 3 and 8. We first show that the tanget to U at E lies in these sectors. Since Al is the only eigenvalue of J with a positive real part J L(t) = bleAltV l (where b 1 is nonzero and vI is the eigenvector corresponding to the positive eigenvalue~AI) is the solution to equation (12) In sector 8, -(px-c) > 0, so y always grows at least as fast as ry; that is, y grows at least exponentially. But no solution can hav2 this property because the largest possible value for y is (pK-c1/r. A silDi13r argument (y cannot be smaller tnan -e/r) can be used to eliminate sector 3. and (2) show that, as r -;.. 0 or a + 0, the equilibrium is a stable vortex; while, as r -)-00, a -.,. 0) or & -)-0 (i.e$' IT! + 0), the equilibrium is a stable node.
A fishery is said to be extinct if the fish stock is zero from some time T torward~A fi~hery is asymptotically extinct if, for every t greater than zero) there 1S a time T such that the fish stock is less than~at all times £;,feater than T~F,xtinction implies asymptotic extinction. The proof is by contradiction. Let L(t) be within~of the x = 0 plane for all t > T. Since y = I er(t-z) (px -c)dz and x <~, yet) is at most (p~c)/r which is negative for small~. In turn) s = oy~0 (pe -c)/r, so set) unifonml; 0 as t + 00. Thus, if L(t) leads to asymptotic extinction, it must occur at x = 0 and s = O. Linearizing (9) To show these possibilities exist, it is sufficient to compare the conditions detcrrnining the character of the equilibria for the t\t10 models. The characteristics of the standard mudei1s equilibrium depends on the sign of the discriminant in equation (7): (16) The characteristic of the rational expectations model depends on the sign of w 3 [see equation (15)]. If w 3~0 ) the rational expectations model has a stable node; while. if w 3 > 0, it has a stable vortex. From inspection» it is obvious that equations (15) and (16) are not identical.
To show that the two approaches to equilibrium in the two models can differ» consider the following exercise. Suppose for each interest rate, f, we choose 0 (and, hence, rn := -xpo) so that n in equation (16) We could, for example, set 0 so that, for each r, n < 0. so that the standard model has a stable vortex. Solving equation (16) for m and substituting into equation (16) gives (17) As r + 00, w These figures imply that the equilibriwn effort, s*, is 1.52886 thousand skates per day~For illustratioo, we assume the real annual rate of interest is 3.65 percent (so that the daily rate is 0.0001). We roughly estimate that the actual IS is 0.004598465. 17
In order to determine whether the adaptive and rational expectations models have stable vortex or stable focus points, it is necessary to solve for the eigenvalues under both models~The eigenvalues of the rational expectations (Al,AZ,A 3 ) and standard (lll, l1 Z) models are shown in The general solution to equation (12) is ( 19) L(t) ;;; sCt)- 
-3.53
Expanding (20), we find that
nd Solving equations (21) and (22) In a general model of the rate of change of boats, entry is a function of toe present value of expected profits. Traditionally, entry has been modeled as a function of instantaneous profits. Within the context of our general modal, the standard rn0del is equivalent to Jssuming that potential entrants hi{'V-G myopic, adapt! ve expectationsr n contrast, tfle lit(~rature has assumed that an optimal social policy stlould look at the entire stream of profits (·vcr time; that is) perfect £ore-SLght is used. It is peculiar, therefore, that these two models are~o often dard model in its approach to equilibrium while having the same equilibrium, it differs from toe optimal solution on hath grounds. For noninfinite interest rates, the optimal fish stock will be !~rger than in the op8n-access, rational expectations mod~l; and the fisning fle~t is optimally adJust~d so that the -28equilibrium is directly approached (instead of possibly spiraling).19 In the limit as interest rates become infinite. the standard, the rational expec-tations~and the optimal model all (degenerately) approach the same solution. 4The assumption that f(·) is solely a ftmction of x is made for expositional simplicity (cf., Schaefer [16] ). In contrast, the model assumes that natural growth is a function of the age classes of the stock and not just the total stock. In such a model, gear can be selective (e.g., one can harvest just one age class), a concept which is meaningless in the simpler model used here.
SThis assumption is made for expositional simplicity and is not neces-
sary. An alternative model is one with "critical depensation" (see Clark [7] , ppa 10 and 17), where feR) is negative on (O,!), equals zero at~t and is positive on (~,K). To the degree that entry in a fishery is the result of conversion (e.g., the gear is changed so that a new type of fish can be caught), it may be reasonable to assume that the rate of entry equals that of exit as shown in equation (2). Smith [18] discusses this symmetry assumption; Clark~Clarke, and Munro [8] analyze an optimally managed fishery without exit; and Cremer [10] examines irreversible investment in a nonrenewable resource model. We follow the otherwise universal practice of assuming symmetry.
9See Clark [7] , pp. 183-190 and 203-204 for a detailed explanation of dynamic systems. A stable node implies that the equilibrium is directly approached (there is no overshooting). In a stable vortex (or stable focus, spiral, or focal point) the characteristics approach the equilibrium as t .... (x), but they do so by spiraling about it ..
IOFor the purposes of the graph, a Schaefer model is assumed which implies that the intersection of the x ::: 0 and 5 ::= 0 planes is a straight line with a negative slope in the (x,s,O) plane.
llIn a rational expectations macromodel with inventory, Blinder and Fischer [6] have shOwn that there is a "business eyele" hhich is a similar phenomenon to the spiraling approach paths (stable vortex) demonstrated here1
2Berck [3] shows that, given the very strong assli.rnptions made in this paper, extinction does not occur in the standard modela -31-13By setting w 3 ; 0 (for n = 0) and solving for a as a function of r, we learn that there are at most 3 real negative roots. Thus, as r ranges from o to 00, there can be at most 2 intervals of r where w 3 < 0 and 2 where w 3 > 0. Since we have limit results as r goes to 0 or OOt we know there are either 1 or 3 real negative roots. We conjecture (but have not yet proved)
that there is exactly one. (2) (gi Yen our assumed daily interest rate of 0.00(1) to obtain 8 ::;: CL OOO{;00899S.
'ie suspect that the true 0 is higher since boats can be quickly converted [rUB catching one type of fish to another.
